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Is there anybody going to listen to my story
All about the wave that came to stay?
Based on the Beatles
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Transient effects at excitation of high-Q resonant modes at a leading front of a laser pulse and
their decomposition at its trailing edge during the pulse scattering by a particle are discussed. The
main attention is paid to the nonradiating (anapole) mode excited in a high-index cylinder. The
problem is studied both analytically and numerically. It is shown that the anapole is a steady but
essentially nonequilibrium mode, which can exist if and only if the host particle is irradiated by
a continuous incident wave. As soon as the incident wave is switched off the anapole becomes a
radiating mode and collapses very fast owing to extensive radiative losses. It ruins the hopes to
employ the anapole-like excitations as storages for the “frozen light.”
PACS numbers: 42.25.Fx, 42.65.Es, 46.40.Ff, 78.67.Bf
Systematic study of light scattering by small parti-
cles, originated more than hundred years ago in classical
works by such giants as Clebsch, Lamb, Lorenz, Rayleigh,
Debye and others (see the excellent historical review of
the problem in Kerker’s book [1]), still remains one of
the most appealing topics of electrodynamics. More-
over, nowadays the interest in this phenomenon is grow-
ing up incrementally owing to its numerous applications
in various specific fields, ranging from medicine and biol-
ogy to telecommunications, data processing and storage,
etc. [2, 3]. It stimulates the extensive study of the issue,
revealing new, and often unexpected, peculiarities in the
old and seemingly well-known problem. Among them the
anomalous scattering by metallic particles with low dis-
sipative losses [4, 5] and its analog at the light scattering
by high-index dielectric particles [6, 7] should be men-
tioned. A key feature of this type of the scattering is a
complicated topological structure of the vector Poynting
field in the near field wave zone and its sharp dependence
on small variations of the incident wave frequency [5, 8].
However, the higher Q-factor, the longer transient to
the steady-state. Thus, the discussed resonances should
be characterized by transient processes lying within the
range of experimentally-resolvable time-scales. It is nat-
ural to expect that these transient processes should be
accompanied by qualitative changes of the topological
structure of the electromagnetic and vector Poynting
fields. Nonetheless, despite fast processes are the sub-
ject attracting close attention of researches all around
the world [9], much to our surprise, we are not aware
of a single publication devoted to the problem indicated
above. In the present Letter we are trying to begin fill-
ing the gap. The specific problem, we are focused on, is
the transient processes related to the so called anapole
excitations.
The anapole is a nonradiating resonant mode excited
in a scattering particle by a plane incident electromag-
netic wave. The total suppression of the scattering for
this mode occurs owing to the destructive Fano reso-
nance [10]. To the best of our knowledge the anapole
was introduced in paper [11]. To unveil the physics of
the phenomenon the authors of Ref. [11] have developed
an alternative description of the nonradiating nature of
the anapole, presenting the excitation as a superposition
of the Cartesian electric and toroidal modes, excited in
the scattering particle, whose radiation cancel each other.
Immediately after that publication the anapole and
anapole-like excitations have attracted lots of attention
of the best scientific teams in different countries [12].
Among other reasons such a boom is associated with the
expectations that the anapole could be a storage for the
“frozen light” i.e., localized optical-frequency electromag-
netic oscillations [13].
Indeed, since for the anapole the radiative losses are
totally suppressed, it seems that in the non-dissipative
limit the anapole could exist forever, even if the exited
it incident wave is switched off. In other words, the ex-
citation could be a storage for the electromagnetic oscil-
lations in the same manner as a capacitor is a storage
for electrical charges. If this is the case, it opens a door
to the creation of entirely new optical memory cells and
other revolutionary technologies.
Nonetheless, despite the apparent importance of the
problem, the experimental observations of the anapole
has been done just in the cases, when the exciting it laser
pulse is not over [11, 12]. Evidence of a “stand alone”
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2anapole, existing for a reasonable time after the exiting
laser pulse is over, has not been reported yet.
Note also a paradox related to the nonradiating nature
of the anapole. If a scatterer in a nonradiating mode does
not emit any radiation, then, thanks to the invariance
of the Maxwell equations in the nondissipative media
against the reversion of time, it cannot receive any radia-
tion from outside too. It means that the anapole cannot
be excited, at least as long as a plane continuous elec-
tromagnetic wave is a concern. These arguments are in
deep contradiction with the solid experimental evidence
of such an excitation in the case of weakly dissipating
silicon disk [11].
In the present Letter we are going to reveal the phys-
ical grounds of the failure in quest of the stand alone
anapole and resolve the paradox. The point is that the
stand along anapole merely does not exist — as soon as
the exiting anapole incident radiation is off the anapole
becomes a radiating excitation and quickly dies out ow-
ing to extensive radiative losses.
How does this behavior agree with the nonradiating
nature of the anapole? To find the answer we have to re-
cover the physical grounds for the destructive Fano res-
onances. Following the reasoning of Fano himself [10],
the resonances are explained as a result of interference of
two scattered waves (partitions): background and reso-
nant [14]. For the problem in question the background
partition corresponds to the scattering by the same parti-
cle but made of the hypothetical perfect electric conduc-
tor (PEC), while the resonant partition is a resonant Mie
mode [7]. The same result follows from the alternative
description, developed in Ref. [11], where the cancelation
of the radiation occurs due to the interference of the two
modes — Cartesian electric and toroidal.
This picture is valid at the steady state, correspond-
ing to the scattering of a continuous wave. What hap-
pens if the incident wave is switched on/off abruptly?
A qualitative answer to this question follows from sim-
ple dimensional analysis. By definition, the background
scattering does not have any singled out frequencies. It
means that the only quantity with the dimension of time,
related to this scattering is the the period of the field os-
cillations in the incident wave: 2pi/ω. This is the short-
est characteristic time-scale in the problem and just this
time-scale determines the characteristic relaxation time
for the background partition at abrupt changes of the
amplitude of the incident wave.
Regarding the story about the resonant partition, it
is completely different. This partition has the resonant
frequency and the linewidth Γ. Then, the characteristic
relaxation time for the resonant mode is of the order
1/Γ 2pi/ω (we are dealing with high-Q resonances).
The difference in the transient processes for the two
partitions is related to their different physical origin. The
background partition corresponds to the solution of the
axillary problem of the scattering by a PEC cylinder.
The PEC does not allow any electromagnetic field to get
in. Then, the scattering is produced entirely owing to
the surface currents induced by the incident wave.
On the other hand, in the actual problem, thanks to
the boundary conditions, any abrupt change of the inci-
dent wave should produce the corresponding immediate
change in the tangential components of E and H in a
thin boundary layer, adjacent to the surface of the cylin-
der. It generates a substantial surface displacement cur-
rent, changing dramatically the current responsible for
the PEC cylinder scattering. In contrast, the field in the
bulk of the cylinder initially is weakly affected — it takes
a time for the surface perturbations to penetrate into the
bulk.
Thus, at abrupt switching of the incident wave on/off
the background partition follows these variations prac-
tically immediately, while the resonant partition can do
that only with a considerable delay. It destroys the bal-
ance between the background and resonant partitions re-
quired for the destructive interference. The partitions
cannot cancel each other any more and the excitation
becomes radiating. This reasoning explains why the
anapole may be excited by the leading front of an in-
cident pulse and gives grounds to expect its collapse due
to radiative losses at the trailing edge of the pulse.
Let us elaborate these arguments, based on the case
elucidated in Ref. [11]. To simplify the analysis we con-
sider the 2D problem of the scattering by the cylinder
whose axis is perpendicular to the plane of oscillations of
vector E of the incident wave and to the wave vector of
this wave (TE polarization, normal incidence), however
the results obtained are generic and valid for other ge-
ometries (including the 3D sphere scattering) too. The
steady version of the problem is exactly solvable [1]. Ac-
cording to the solution, the scattered field and the field
within the cylinder both are presented as infinite series of
partial multipolar waves of the `th order (−∞ ≤ ` ≤ ∞).
The corresponding partial fields read as follows:
E
(TE)
`
E0
= (−i)`+1ei`φd`
{
i`
J`(mρ)
mρ
,−J ′`(mρ), 0
}
, (1)
H
(TE)
`
H0
= −m(−i)`ei`φd` {0, 0, J`(mρ)} , (2)
within the cylinder, and
E
(TE,s)
`
E0
= −(−i)`+1ei`φa`
{
i`
H
(1)
` (ρ)
ρ
,−H(1)′` (ρ), 0
}
,(3)
H
(TE,s)
`
H0
= (−i)`ei`φa`
{
0, 0, H
(1)
` (ρ)
}
. (4)
outside it. Here E0 and H0 are, respectively, the am-
plitudes of the electric and magnetic fields in the inci-
dent wave, whose wave vector k is aligned antiparallel
to x-axis; {Xr, Xφ, Xz} denote the components of any
vector X in the cylindrical coordinate frame with the
3z-axis directed along the axis of the cylinder; ρ ≡ rk;
k = ω/c is the wavenumber of the incident wave in a vac-
uum; m ≡ √ε is the refractive index of the cylinder (in
what follows, m is supposed to be a purely real quantity
— the nondissipative limit); ε is its permittivity; J`(z)
and H
(1)
` (z) stand for the Bessel and Hankel functions
of the first kind, respectively, and the prime denotes the
derivative with respect to the entire argument of a func-
tion. The cylinder is regarded nonmagnetic, so that its
permeability µ equals unity.
Thus, all individual information about a specific case
of the wave scattering is hidden in the values of the re-
fractive index m and the scattering coefficients a`, d`.
The latter are given by the expressions:
a` =
F`
F` + iG`
, d` =
i
F` + iG`
, (5)
F` =
piq
2
(
mJ`(mq)J
′
`(q)− J ′`(mq)J`(q)
)
, (6)
G` =
piq
2
(
mJ`(mq)N
′
`(q)− J ′`(mq)N`(q)
)
, (7)
where N`(z) are the Neumann functions; q = kR stands
for the size parameter and R is the radius of the cylinder.
Note, that at purely real m the quantities F and G are
also purely real. Note also, that |d`| = 1 at m = 1 thanks
to identity J`(z)N
′
`(z)− J ′`(z)N`(z) ≡ 2/(piz). Then, the
departure of |d`| from unity could be a quantitative mea-
sure of the rate of the E field enhancement (suppression)
within the particle. The same role plays the departure of
m|d`| for field H, see Eqs. (1), (2).
The destructive Fano resonances correspond to the
roots of the equation F`(m, q) = 0, when a` vanishes.
Since, as it is straightforwardly seen from Eqs. (5)–(7),
coefficients d` never vanish, it means that at the points
of the destructive resonances the resonant multipole does
not contribute anything to the scattering field, but still
has a finite field amplitude within the cylinder, i.e., be-
comes nonradiating.
To move further we have to be more specific. To this
end let us inspect the case ` = ±1 and m = 4, which
corresponds to the anapole introduced in Ref. [11]. The
first root of the equation F1(4q) = 0 is q ≈ 1.0420.
To inspect the dynamical behavior of the scatter-
ing problem we employ a numerical integration of the
complete set of Maxwell’s equations with the standard
boundary conditions at the surface of the cylinder [1].
To this end our own code has been developed. Its de-
tails will be discussed elsewhere. Here we just would
like to stress that the code has been carefully tested
against the asymptotical convergence of the generated
time-dependent field patterns to the exact analytical so-
lution at a broad domain of variations of the problem
parameters and exhibited the excellent agreement with
the exact solution.
The formulation of the corresponding physical prob-
lem is as follows. We suppose that the pulse duration τ
is much larger than the characteristic microscopic times,
so that the simple connection between the instant values
of the the electric field E(t) and the induction D(t) of
the form D = ε(ω)E still remains valid. We also sup-
pose, that ωτ  1, i.e., the incident wave may be re-
garded as monochromatic. In what follows the range
of ω-variations is extremely narrow. It makes possible
to neglect the dispersion of the permittivity, supposing
ε = const. As it has been mentioned above, to make our
problem analogous to that presented in Ref. [11] we set
ε = 16 (m = 4).
We employ a rectangular laser pulse, so that the am-
plitude of the incident wave is zero at t < 0, a constant
at 0 ≤ t ≤ τ and zero at t > τ . We suppose that
τΓ  1, where Γ is the linewidth of the dipole resonant
mode (see below). It allows the transient processes to
the steady field pattern to be completed during the laser
pulse. In this case the field dynamics at the leading edge
of the pulse makes it possible to study the transient to the
steady state, when the incident field is abruptly switched
on. The one at the trailing edge exhibits the opposite
process, when the incident wave is abruptly switched off.
Finally, it is convenient to introduce the dimensionless
time θ = ω0t and frequency Ω = ω/ω0, where ω0 is the
eigenfrequency of the resonant dipole mode correspond-
ing to the maximum of its resonance line (qmax ≈ 0.9153)
and to normalize the spatial scale over R.
The specific frequency of the incident wave is se-
lected so that a1(Ω) = 0 (the anapole resonant fre-
quency). For the given value of m = 4 it gives rise to
Ω = 1.13843... (q = 1.04199...), see Fig. 1.
To characterize the transient processes quantitatively
we have calculated the instant value of the net electro-
magnetic energy stored in the cylinder, W (θ):
W (θ) =
1
8pi
∫ R
0
rdr
∫ 2pi
0
dϕ
(
εE2 +H2
)
, (8)
where E(θ) and H(θ) are real quantities. The plot W (θ)
normalized over 〈Wste〉 is shown in Fig. 2. Here 〈Wste〉
designates W (θ) averaged over the period of the incident
wave oscillations for the steady scattering process. Time
θ begins to be counted from the moment when the leading
front of the incident pulse hits the surface of the cylinder.
In the introduced dimensionless units the duration of the
pulse τω0 = 550. It is seen clearly that a collapse of
the anapole begins immediately after the incident pulse
is over.
To understand the main features of the numerically ob-
tained dependence W (θ) we introduce a simple toy model
— forced oscillations of a linear pendulum:
dθθ + Γdθ + d = A exp(iΩθ). (9)
To describe the excitation of the anapole by the incident
wave Eq. (9) should be supplemented with the initial
conditions d(0) = dθ(0) = 0. To describe the collapse of
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FIG. 1. The resonance lines |a1| and |d1| for the exact solution
of the diffraction problem (solid brown and dashed blue lines,
respectively) and the fitting of |d1(Ω)| with the line for a pen-
dulum (black dot-dashed line). Both the profiles for |d1| (the
actual and the fitted) are normalized over the corresponding
maximal values; Ω = 1.13843... (marked with a vertical line)
is the resonant anapole frequency.
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FIG. 2. The normalized instant net energy in the irradiated
cylinder (magenta) and a simple pendulum (blue). The inset
shows the tails of the decay processes, where two more curves
for the actual problem with Ω = 1.06922... (dashed orange)
and Ω = 1 (dotted black) are added. See the text for details.
the anapole after the incident radiation is switched off
the initial conditions correspond to that for the steady
forced oscillations of the pendulum, while the right hand
side of Eq. (9) should be set to zero. Eq. (9) is exactly
integrable. The integration is trivial, but the expres-
sions describing the dynamics of the switching on and
switching off processes are cumbersome and will not be
presented here.
To adjust the parameters of the toy and actual prob-
lems for their quantitative comparison we fit the shape
of the resonance line for the pendulum to the one for |d`|
in the actual problem, so that the linewidths for the two
lines become equal. At the selected values of the prob-
lem parameters it gives rise to Γ ≈ 0.0967. The fitting
is shown in Fig. 1 (it is worth adding that the accuracy
of the fittingt increases with an increase in the value of
the refractive index). Both profiles |d1(Ω)| (actual and
fitted) are normalized over their maximal values. For
the actual diffraction problem |d1|max ≈ 2.449. Thus,
the actual values of |d1| and m|d1| at the anapole res-
onance point are 0.88884... and 3.55536..., respectively.
The next largest coefficient in the multipolar expansion
at the given value of Ω is d2, whose modulus equals
|d2| ≈ 0.250656  |d1|. In other words, the anapole
mode still makes the leading contribution to the field
within the cylinder and while the characteristic value of
E for the anapole is of the order of E0, forH this quantity
is larger then that for the incident wave.
The total energy of the pendulum W is
(1/2)[(Re dθ)
2 +(Re d)2]. The dependence W (θ)/ 〈Wste〉,
superimposed on the corresponding dependence for the
actual problem, is shown in Fig. 2. Here in the agreement
with the actual problem 〈Wste〉 designates the average
of W (θ) over the period of the asymptotical steady-state
forced pendulum oscillations. At the selected value of Γ
at θ = 250 the pendulum oscillations become practically
steady and the corresponding plot is cut off. Then, the
dynamics of the decay of the oscillations with a part of
the steady-state, adjacent to the switching off moment
is shown.
It should be stressed that the linewidth Γ is the only fit-
ting parameter of the toy model. Nonetheless, the agree-
ment of the dynamics of W (θ) in the actual problem and
in the toy model is quite impressive [15]. A little differ-
ence is observed just in the decay rate. It is hardly no-
ticeable in the linear scale, but more pronounced in the
logarithmic one, see the inset in Fig. 2. While the toy
model exhibits the pure exponential decay, in the actual
problem the decay gradually departures from the expo-
nential law, becoming less rapid. However, this slower
decay is not a specific feature of the anapole mode. To
check that we have simulated the decay dynamics in the
actual problem for Ω = 1 (the maximum of the resonance
line) and for Ω = 1.06922... (q = 0.978633), lying just in
between Ω = 1 and the resonant anapole frequency. The
three curves demonstrate a similar behavior, approach-
ing asymptotically the same law (though the decay of
the anapole mode is a bit slower). In our view this sub-
tle difference in the decay dynamics in the actual and
toy problems hardly can have any practical importance
since it becomes pronounced, when more than 90% of the
energy stored in the cylinder is already irradiated out.
The proposed toy model makes it possible to explain
the key features of the observed dynamics of the actual
problem in a very simple manner and get a deeper insight
of it. Specifically, when the drive is abruptly switched on,
in addition to the forced oscillations with frequency Ω the
free oscillations with the eigenfrequency Ω = 1 are ex-
5cited. Since there is a mismatch between the two frequen-
cies, see Fig. 1, it results in beatings in the net energy
with the frequency approximately equal to |Ω − 1|. The
beatings decay with the characteristic time-scale ∼ 1/Γ.
It gives rise to an oscillatory relaxation of the average
(over the period of the fast underling oscillations) en-
ergy stored in the cylinder 〈W (θ)〉, so that initially the
the energy “overfills” the cylinder and reaches a pro-
nounced peak, whose value is considerably larger than
〈Wste〉. Then, the excess of the energy is irradiated from
the cylinder, 〈W (θ)〉 becomes lower than 〈Wste〉, and so
on. The simulation with other values of Ω shows that
when Ω approaches unity the period of the beating in-
creases. Since their damping rate, determined by Γ, re-
mains fixed, it results in suppression of the amplitude of
the beating. Eventually, at Ω = 1 the beatings disappear
and 〈W (θ)〉 becomes a smooth, monotonic function.
In contrast, at the trailing edge of the pulse, when the
gain is switched off instantly, just the free oscillations
with Ω = 1 are excited. Thus, the maximal power irra-
diated by the cylinder corresponds to the very beginning
of the decay process, then it gradually decreases in the
course of time, so that 〈W (θ)〉 is a monotonically decreas-
ing function at any frequency of the switched off drive.
It is worth presenting some numerical estimates. As
it is seen from Fig. 2, both transient processes (at the
leading and trailing edges of the pulse) last about 50
dimensionless units. It lies within the experimentally re-
solved time-scales even if the resonant anapole frequency
corresponds to the visible range of the spectrum, to say
nothing about far IR and radio diapasons.
Note, that if nonlinear effects with the threshold lying
above 〈Wste〉 but smaller than the peak value of 〈W (θ)〉
are incorporated into the problem, then the pronounced
peak of the field intensity in the cylinder at the lead-
ing front of the incident pulse may be effectively em-
ployed to design new nanodevices generating ultrashort
laser pulses.
In conclusions we may say the following. (i) Unfortu-
nately, the anapole and anapole-like excitations cannot
serve as storages for the frozen light. They are essen-
tially nonequilibrium and may exist if and only if the
host particle is irradiated by a continuous wave. They
die off rapidly owing to radiative losses as soon as the
incident wave is switched off. (ii) The main features of
the dynamics of excitation and collapse of the anapole
may be explained within the framework of the toy model
of forced oscillations of a simple pendulum.
In a more broad context we should stress that transient
processes at resonant Mie’s scattering are accompanied
with dramatic changes in the topological structure of the
electromagnetic field within the scattering particle and
its near field zone, whose detailed discussion will be pre-
sented elsewhere. In addition to purely academic inter-
est it could find plenty of applications in technologies,
such as telecommunications, data storage and process-
ing, optical computers, etc. We believe our results may
stimulate further study in this appealing field.
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